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EVIDENCE FROM POST-GLACIAL LAKE SEDIMENTS 
WIN IFRED PENNINGTON ( M r s T . G . TUTIN) 
Introduction 
The continuously accumulating sediments in the bottom of Cumbrian 
lakes have provided microfossil and geochemical evidence on the ecol-
ogical history of the lakes and on the soils and vegetation of their 
catchments. Studies by the Freshwater Biological Association over the 
last 25 years have supplied data relevant to the levels of acidity in 
local soils and waters before the onset of industrial pollution of the 
atmosphere. Current interest in 'acid rainfall', and the changes for which 
it is thought to be responsible, calls for knowledge of the condition of 
soils and waters before the Industrial Revolution, as a base-line from 
which to assess the amplitude of changes attributed to acid rainfall. This 
article reviews published analyses from cores of lake sediments, which 
indicate that natural processes had acidified much of the upland of 
south Cumbria before any possible impact of the burning of fossil fuel. 
The sites selected for discussion here lie in or near the catchment of 
the River Duddon; they provide historical detail which supports the 
conclusions of Dr Sutcliffe, in last year's Annual Report, on the reasons 
for the contrasted pH regimes now found in the various headstreams of 
the Duddon. 
The research on the characterization of soil organic matter in these 
allochthonous lake sediments, by means of the electron spin resonance 
(ESR) of its humic acids, arose from discussions between the late Profes-
sor W . H. Pearsall and Professor R. D. Haworth. All ESR analyses were 
carried out in Professor Haworth's unit of organic chemistry in Sheffield, 
by a group which then included P. A. Cranwell. Research on the iodine 
content of lake sediments was begun by the late F. J. H. Mackereth (see 
FBA Annual Report for 1966) and all analyses discussed in this article 
were done by J. P. Lishman. For support before we joined the FBA staff 
in 1967, Mrs Lishman and I are indebted to DSIR and NERC. During 
preparation of this review I have held an emeritus fellowship from the 
Leverhulme Trust, for which I thank the Trust. 
T. I. Furnass drew the figures, which represent new presentation of 
published data. 
A contribution to the volume Ecological impact of acid precipitation 
(ed. Drablos & Tollan 1980) by Rosenqvist, Jorgensen and Rueslatten 
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stresses the importance of "natural H+ production for acidity in soil and 
water", and points out that acidification of precipitation by industrial 
pollutants is only one of a number of processes responsible for increas-
ing acidity of soils and waters. Rosenqvist et al. quantify the influence of 
vegetation on acidity, showing that raw humus from heather (Calluna), 
spruce trees (Picea) and bog-moss (Sphagnum) "give more than 1000 
times higher acidity to a given water than mould formed by alder 
(Alnus) and grass . . .". This suggests that any historical record of past 
correlations between changes in vegetation and changes in acidity of 
soils or waters constitutes a useful contribution to current debate on 
the primary cause of acidification in recent years. The record is available 
in those lake sediments of north-west England (Cumbria) and north-
west Scotland which have been the subject of parallel geochemical and 
biostratigraphical studies (Mackereth 1965,1966; Pennington 1965,1970; 
Pennington, Haworth, Bonny & Lishman 1972). The evidence shows that 
sediment sources, both inorganic and organic, lay in the soils of the 
lake catchments, so the sediment profile represents a time series of soil 
samples. Radiocarbon-dated cores provide a record of soil dynamics 
during the long period of post-glacial time before the beginning of 
industrial pollution, and so provide the base-line data, on the 'natural' 
state of soils, which are mainly lacking in the historical records of most 
regions including those now thought to be undergoing acidification by 
atmospheric pollution. 
Vegetation history of the lake catchments can be deduced from 
pollen grains which survive in lake sediment; these provide a numerical 
estimate of the composition of the vegetation of the area from which 
the lake received pollen. In the Cumbrian lakes, and in all the lakes 
investigated in north-west Scotland, there has been a change, during 
post-glacial time, towards a more acid environment surrounding the 
lakes, shown by increases in the pollen of Calluna and in spores of 
Sphagnum. This was accompanied by changes in composition of the 
organic component of the sediments, indicative of increasing soil acid-
ity; these included changes in the ESR spectra of humic acids (Atherton, 
Cranwell, Floyd & Haworth 1967) and changes in the iodine-retaining 
capacity of the organic matter (Pennington & Lishman 1971). Where 
investigated in sufficient detail, parallel changes in lake biota were 
found; for example, in the diatom assemblages described by Haworth, 
in Pennington et al. (1972), there were increases in acid-tolerant species 
at the same positions in the core as changes in pollen and chemical 
variables. The change to a vegetation and soil type which would give 
rise to acid waters took place in north-west Scotland early in post-glacial 
time, from purely natural causes, but in north-west England the change, 
which came much later, coincided with the beginning of deforestation 
of the uplands by man, and was accelerated by the effects of man on 
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vegetation (Tutin 1969). The moorland habitat which - whether or not it 
has been planted with exotic conifers within the last century-constitutes 
the habitat of greatest present concern with respect to acidification by 
atmospheric pollution in Britain, is a man-made habitat produced from 
native deciduous upland forests by five millennia of land use by man. 
The effects of purely natural processes which tend towards soil acidific-
ation have been observed in sediment profiles from previous interglacial 
cycles of the Pleistocene (Andersen 1969). In the late-temperate stage 
of an interglacial period, pollen of acid-tolerant dwarf shrubs of the 
Ericales, including Calluna, appears, together with changes in forest 
composition interpreted as the result of soil changes. This shows the 
effects of progressive leaching, from soils stabilized by a forest cover, 
of mineral elements - calcium, magnesium, sodium and potassium. 
Brown forest soils were thereby changed to acid brown earths and 
podsolic soils. The accumulation of a superficial organic horizon of raw 
humus, or mor, is deduced from observations on the soils of our present 
interglacial, in forests relatively undisturbed by man (Iversen 1964). It 
is this acid organic soil which, according to Rosenqvist et al., increases 
by three orders of magnitude the acidity of water percolating through 
it. Atherton et al. (1967) showed that by comparing ESR spectra of the 
humic acids extracted from a wide range of soil types today, with those 
from successive levels in sediment cores, it is possible to date the time 
of appearance, in lake sediments, of input from such acid organic soil 
horizons. The earliest appearance, c. 9500 years ago, was in north-west 
Scotland, in an area of base-poor Precambrian bedrock and highly 
oceanic climate. In north-west England an acid surface horizon had 
formed in the uplands above 500 m by the time of the earliest appearance 
of Neolithic men, 5000 radiocarbon years ago. Forest clearance by 
Neolithic and later prehistoric settlers accelerated both the rate of 
formation of this acid soil, by transformation of upland forest to Calluna 
heaths, and the rate of its transfer to streams and lakes. The physical 
effects of deforestation on soil erosion and stream flow have been 
demonstrated by experimental deforestation at Hubbard Brook, New 
England: see e.g. Bormann & Likens (1974) and Likens & Bilby (1980). 
A trend towards increasing soil acidity is natural in oceanic climates, 
and Rosenqvist et al. (op cit.) are of the opinion that "There is no reason 
to state that pollutants in modern time are the chief reason for the 
acidification of surface waters". This article reviews published evidence 
for acidification of the source material of lake sediments in north-west 
England in pre-lndustrial time - a long-term survey covering the last 
7000 years. A logical development would be more detailed analysis of 
cores covering the last 150 years, to find out whether any change in 
sediment source material or terrestrial vegetation accompanied the 
onset of potential pollution from the rise of heavy industry on the 
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Cumbrian coast and elsewhere. Our present state of knowledge of the 
terrestrial vegetation suggests that a combination of acidifying processes 
had, by c. 1800 A.D., produced a situation in the uplands of Cumbria 
where no further threshold of change was crossed as a result of the 
burning of fossil fuels. 
Pollen analysis 
Full pollen diagrams have been published for the sites discussed in 
this article, and references are given in the legends. Figs 2-6 represent 
simplified diagrams in which only selected taxa are shown. In the 
previously published diagrams the composition of each pollen sample 
was expressed as percentages of the sum of all arboreal (tree) pollens. 
The points made in this review emerge more clearly when pollen values 
are expressed, in the now usual manner, as percentages of total pollen 
in each sample. Figs 2-6 show values now recalculated as percentages 
of total pollen. 
In these diagrams the horizon of the Elm Decline, at just before 5000 
radiocarbon years ago, forms a convenient dating horizon because it 
has been shown to be synchronous throughout north-west Europe. Its 
full significance is still not clear, but in Cumbria it coincided with the 
arrival of Neolithic farmers, who cleared the forest from much of the 
coastal plain and moved about among the hills, developing the axe-
factories on Pike of Stickle and Scafell (Pearsall & Pennington 1973). In 
Figs 2-6 the position of the Elm Decline is shown; for details of pollen 
changes at this horizon, the full published diagrams are available. 
Above the level of the Elm Decline in each sediment core, there is a 
progressive replacement of the arboreal pollens by pollen of non-
arboreal plants, mainly Calluna, grasses and sedges. The interpreted 
replacement of woodland by heaths and grassland has been attributed 
mainly to the effects of human settlement - clearance of trees, and 
the grazing of domestic animals which prevented regeneration of the 
woodlands. At the highest sites, however, there is evidence that the 
natural processes of soil deterioration and peat formation contributed 
to the disappearance of the upland woodlands. 
The processes of soil acidification can be traced in these diagrams by 
the increasing values (as time went on) for Calluna pollen and the 
spores of Sphagnum. Calluna is a high pollen producer whose pollen 
is always abundant in the soil on which it grows. In lake sediments, 
particularly large amounts of Calluna pollen indicate inwash of such 
soils. The appearance and increased values of Sphagnum spores reflect 
the increasing importance of waterlogged habitats, but the very irregular 
fruiting of this plant means that these values are only a general guide 
to its abundance. 
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Geochemical tracers of acid soils 
Atherton et al. (1967) showed that the ESR spectra of humic acids 
extracted from lake sediments are similar to those of humic acids 
extracted from soils and peats, and that the spectra fall into consistent 
classes correlated with the pH of soil and peat samples. These authors 
analysed samples from four of the sites considered below; in their paper 
they used the changes with time in a core from Seathwaite Tarn (Fig. 5), 
which indicated a fall in pH from mid-post-glacial time until the present, 
to support Mackereth's hypothesis that the sedimentary organic matter 
is of terrestrial origin. Class II spectra, found in the lower parts of the 
cores and in circumneutral soils, were replaced in the upper sediments 
by Class I spectra, characteristic of acid soils and peats. Figs 4-6 show 
the position of this change in relation to pollen curves in cores from 
three upland tarns at decreasing altitudes; Class I spectra are subdivided 
into A (more acid) and A - at Burnmoor Tarn (Fig. 6) but at the other 
sites are shown as A undivided, while Class II spectra are shown as B. 
Analysis of these sediment cores for iodine resulted from Mackereth's 
(1966a) suggestion that the iodine content should reflect the intensity 
of rainfall at the time of deposition, because iodine is derived from the 
oceans via evaporation and subsequent rainfall rather than from the 
lithosphere. The results showed, however, that (i) the iodine content 
of the surface sediments of a range of lakes is not correlated with 
present rainfall, but is correlated with soil acidity as expressed by the 
type of vegetation on the catchment; and (ii) changes in iodine content, 
found in cores spanning the last 13000 years, are strongly correlated 
with changes in local vegetation and soils which are themselves associ-
ated with qualitative changes in soil organic matter. These conclusions 
held whether iodine is expressed as units per total dry weight or as 
units per unit of carbon, with which the iodine is strongly associated 
(Pennington & Lishman 1971). These facts were interpreted as showing 
that acid soil organic matter (mor humus) retains the iodine supplied 
by rain more efficiently than does less acid or circumneutral (mull) 
humus, and that the general increase in iodine content from base to top 
of a sediment core reflects the acidification of the soils on the lake's 
catchment. 
It is only in the rare situation in which there is no qualitative change 
with time in soil organic matter-that is, where throughout the sediment 
profile the ESR spectra continue to be of Class II (B) - that changes in 
iodine values can be related to a changing supply of iodine, that is, to 
the rainfall (cf. Fig. 3 (Blea Tarn) in Pennington & Lishman 1971). 
Catchments in the southern Lake District-the history of natural acidifica-
tion in the Duddon and adjoining areas 
Fig. 1 shows the positions of six sites (Table 1) for which there is 
evidence for vegetation changes that are indicative of soil acidification 
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during the last 5000 radiocarbon years. Dates will be given in uncor-
rected radiocarbon years, which for dates earlier than 2500 B.P. (Before 
Present: Present = a.d. 1950) differ from calendar (sidereal) years. Figs 
2 and 3, which illustrate the general vegetation history of these uplands, 
show the dates in a form most readily related to the archaeological 
history, converting uncorrected radiocarbon dates B.P. into calendar 
dates - for which the conventional representation is a.d. and b.c. 
Figs 4-6, in which geochemical data are included, give the dates as 
uncorrected radiocarbon years B.P. 
TABLE 1. S i tes . 
These sites illustrate the results of the natural processes invoked by 
Sutcliffe (1983) to explain the present differentiation with respect to pH 
of the River Duddon and its tributaries (Sutcliffe & Carrick 1973). Recent 
publications suggest the importance of three steps in the processes of 
natural acidification that are linked with vegetation. Comment on these 
six upland sites will be presented in terms of these three processes. 
Process 1. Chemical weathering 
"Rainwater is naturally acid . . . . The exchange of ions between acid 
rainfall and basic rocks and soils is part of the natural process of 
chemical weathering which, in the long term, leads to acidification of 
the catchment and leaching of soils (Pearsall 1938; 1950)." (Sutcliffe 
1983). Pearsall stressed the importance of this process in the ecology of 
the British uplands, particularly with respect to its part in the transforma-
tion of the circumneutral soils of the primary deciduous forest into acid 
woodland and heath soils. Figs 2 & 3 establish the presence of primary 
forest as the dominant vegetation at two of the highest sites (altitudes 
572 & 503 m) before 5000 B.P. (c. 3000 b.c.) and its replacement by 
more acid-tolerant woodland, and communities dominated by Calluna, 
during the millennia which followed. The more selective pollen diag-
rams in Figs 4-6 illustrate the changing relationship between Quercus 
(oak) pollen (representative of forest vegetation) and the most important 
Publication 
Grid 
Reference 
Altitude 
(m) 
Area 
(ha) 
Max. 
depth 
(m) 
Alkalinity ueq 1 1 
(Carrick & 
Sutcliffe 1982) 
Blind Tarn Pennington 1964 SD 263967 572 0.50 6 70-88 
Red Tarn Pennington 1964 NY 268037 503 0.71 1 nil—5 
Angle Tarn Tutin 1969 NY 244076 579 3.41 16 nil—10 
Seathwaite 
Tarn Pennington 1964 SD 253988 366 2670 26 nil 
Burnmoor 
Tarn Pennington 1970 NY 184044 254 24.00 13 32-65 
Devoke 
Water Pennington 1964 SD 163972 233 28.00 14 43-62 
FIG. 1. Position of sites of analysed sediment profiles, in relation to the catchment of 
the River Duddon (adapted, with additions, from Fig. 9b in Sutcliffe 1983). 
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non-arboreal pollen types (grass and Calluna), and spores of Sphagnum, 
at three other sites for which radiocarbon dates and geochemical ana-
lyses are available. 
Process 2. Accumulation of acid organic matter (mor) 
The acid-tolerant plants which replaced the more demanding broad-
leaf trees accelerated the processes of acidification; at the highest sites 
(Fig. 3) this went on as a purely natural sequence, while at lower sites 
(Figs 5 & 6) this Process 2 was further accelerated by forest clearance by 
prehistoric man. Not only was the rate of leaching (Process 1) increased 
by the disappearance of the deep-rooted trees (which had circulated 
nutrients from less weathered, deeper, soil layers) but the raw humus 
produced by Calluna vegetation is known to increase the acidity of soils 
and percolating waters. Gimingham (1960), discussing the raw humus 
derived from Calluna litter, states that "Calluna litter has a pH between 
3.4 and 3.9, and its presence lowers the pH of the mineral soil immediat-
ely below". Rosenqvist et al. (1980) show the effects of this in lowering 
the pH of percolating water. " M o r " is defined by Pearsall (1950) as "the 
peaty humus formed in leached soils". It forms a distinct surface layer 
above the leached inorganic soil (Fig. 3). The first appearance of this 
acid organic material in allochthonous post-glacial lake sediments can 
be identified by the change in ESR spectra of humic acids, from type B 
(Class II) to type A (Class I), and by an increase in the ratio of iodine to 
carbon (which indicates a more acid type of organic matter). Figs 4-6 
show how these geochemical changes coincide with increases in values 
for Calluna as a percentage of total pollen. 
Fig. 3, a 14C-dated soil profile from a site at 503 m, just over the 
watershed from the headwaters of the Duddon, shows that on ground 
of low relief at this altitude, mor was accumulating above the mineral 
soil before the Elm Decline at c. 5000 B.P. - that is, before any traces of 
forest clearance by man. This represents the results of completely 
natural acidification of an upland habitat. Fig. 4 shows how, in a nearby 
lake, the input of such mor (identified by its ESR spectra) accompanied 
the Neolithic activity which, round the head of Great Langdale, began 
at about the same time as the Elm Decline. The soil change was well 
established by 5000 B.P., and the result of Neolithic forest clearance 
was to accelerate the transfer of acid organic soils to lake sediments 
(Fig. 2 in Tutin (1969) gives the full pollen and geochemical data from 
which those given in Fig. 4 were selected). Figs 5 and 6 show how the 
input of mor to lake sediments began later at the two lower sites, 
Seathwaite Tarn in the Duddon catchment and Burnmoor Tarn in the 
neighbouring catchment of the Esk. 
The rate of Process 1 and consequently the time of initiation of Process 
2 would be partly controlled by the nature of local bedrock. As Sutcliffe 
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(1983) points out, the diversity of pH (and therefore of fauna) in the 
headstreams of the Duddon (Fig. 1) arises primarily from local sources of 
calcite and alkali felspars in the non-uniform bedrock of the Borrowdale 
Volcanic Series. Though it is not possible to reconstruct from pollen 
data the detail of terrestrial vegetation, there is no doubt that it was 
always a mosaic, with locally more acid soils occupied by the most acid-
tolerant species. The evidence from the high sites (Figs 3 & 4) supports 
Sutcliffe's speculation (1983, p. 50) that by c. 5000 years ago "some hill 
streams could have had low or zero concentrations of alkalinity, with 
pH less than 5.7, as they do today." At the same time, however, there 
is evidence, at lower sites in other catchments, for continued survival 
of primary forest on circumneutral soils (Pennington & Lishman 1971). 
Process 3. Swamping ( 'paludification') and effects of Sphagnum 
Fig. 3 illustrates a soil succession commonly found in upland areas 
of impeded drainage, in which a thick deposit of mor humus passes 
upwards into peat consisting mainly of Sphagnum. This site occupies a 
small high saddle of low relief among steep slopes. Elsewhere in 
Cumbria, on extensive high plateaux and gentle slopes, wider expanses 
of such 'blanket peat' are found (Pearsall & Pennington 1973). In his 
discussion of the formation of mor as a result of retrogressive vegeta-
tional succession, Iversen (1964) said "deep mor layers . . . may prevent 
vertical drainage and thus reduce aeration, and, in moist climates, 
accelerate the growth of the mor, or even produce swamping. The 
blanket bogs of the British Isles are outstanding examples of this." Fig. 
3, with its 14C date of 3890±90 from a piece of birch wood at the junction 
between mor and peat, shows that here the swamping and initiation of 
peat growth dates from c. 4000 B.P. There is independent evidence for 
a wetter climate from about 2500 years ago, with much lateral expansion 
of the areas of blanket peat. 'Paludification' is a term for the progressi-
vely increasing wetness of upland surfaces which resulted from these 
processes and extended the areas over which Sphagnum dominated the 
vegetation. The role of Sphagnum species in lowering the pH of rain-
water which falls on peat bogs, by cation exchange of metal cations in 
the rain for H+ in living Sphagnum plants, has been discussed by Clymo 
in a series of papers. Clymo & Hayward (1982) say "That most Sphagnum 
plants grow in unusually acid conditions and that the Sphagnum plants 
contribute to the production of these very conditions has been known 
for a long time". They review earlier work, and show how "newly 
produced Sphagnum tissue contains large amounts of exchangeable 
H + " . Quantitative predictions on the amount by which Sphagnum bogs 
may be expected to reduce the pH of water in the bogs below that of 
local rain are given by Clymo (1963; 1967; 1984 (in press)). "Strongly 
acid 'events' are likely to follow heavy rain following a dry spell." 
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(Clymo 1984). The differentiation with respect to pH of the headstreams 
of the Duddon, reported by Sutcliffe (1983), is likely to be related to the 
area of Sphagnum as well as to differences in bedrock. 
Figs 2-6 show the increases through time in Sphagnum spores depo-
sited at five of the sites discussed. Though spore numbers form only a 
general guide to abundance, these are noticeably low at Blind Tarn (Fig. 
2), the least acid of these sites (Table 1). 
Six upland sites 
Blind Tarn occupies a high rocky corrie in the Coniston Fells, immediat-
ely east of the watershed with the Duddon (Fig. 1). Approximately one 
metre of post-glacial mud was found in the centre; sediments older 
than 7000 years B.P. proved coarse and impenetrable. The pollen diag-
ram (Fig. 2) shows very low percentages of non-arboreal pollen in the 
sediments of 5000-7000 years B.P. This indicates that this catchment was 
occupied by a forest of oak, elm, alder, hazel and birch, though it may 
have been an open forest with a discontinuous canopy cover. The 
replacement of tree pollen by that of Calluna and grasses is found fairly 
high up in the sediment profile, and appears - from the associated 
pollen of herbs - to represent deforestation by man, from c. 4000 years 
B.P. onwards and most intensively from about 2000 B.P., rather than the 
consequences of soil acidification. The steep crags and continuously 
eroding slopes of this catchment would maintain 'dry flush' habitats 
(Pearsall 1950) and prevent paludification and bog development. Sphag-
num spores are few, at all levels in this profile. The data of Carrick & 
Sutcliffe (1982) show a higher level of alkalinity in Blind Tarn than in the 
other high lakes (Table 1). 
Red Tarn is small and shallow, occupying part of a wide and extensively 
peat-covered saddle about 1 km east of the origin of Gaitscale Gill, one 
of the acid headwater streams of the Duddon. Its published pollen 
diagram (Fig. 8 of Pennington 1964) shows that there is little non-arboreal 
pollen in sediments of the first half ot the post-glacial period, but the 
rise of the percentage curves for Calluna and sedges (Cyperaceae) 
begins before 5000 B.P., reflecting the presence of these plants on 
patches of ground near the tarn already acidified by Process 1, e.g. Red 
Tarn Moss (Fig. 3). From 5000 B.P. the continuing increase in Calluna 
pollen indicates the spread of this vegetation at the expense of forest, 
with the progress of acidification accelerated by Process 2. The increase 
in Sphagnum spores in this profile begins at a level which, though not 
dated by 14C, is consistent with the date of c. 4000 B.P. for the change 
at Red Tarn Moss from mor humus to Sphagnum peat (Fig. 3): this 
increase in Sphagnum would initiate, for this catchment, an even more 
rapid acidification under Process 3. 
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Red Tarn Moss (Fig. 3) is an area of dissected Sphagnum peat which 
adjoins one side of the tarn. The section shown in Fig. 3 was analysed 
to investigate the environment at the time when birch trees, remains of 
which are buried near the base of the peat, grew at this altitude (503 m). 
The pollen diagram (Fig. 3, and Fig. 15, Pennington 1965) shows that the 
pollen changes associated with the Elm Decline, which here include 
the decline and disappearance of pine pollen, are found in the acid mor 
humus below the layer of birchwood. The already high percentages of 
Calluna pollen within the mor humus, as well as the ESR spectra, show 
that in the immediate area acidification had been rapid. The thin upland 
soil had been sufficiently acidified by Process 1 to change the vegetation, 
before 5000 B.P., to one with much Calluna, under which acidification 
would accelerate under Process 2. Though some trees of birch (the most 
acid-tolerant of the trees, cf. Fig. 2) survived until c. 4000 B.P., the site 
then rapidly developed into a Sphagnum bog (moss), which would 
contribute even more acidity to percolating water, under Process 3. 
Angle Tarn (Bowfell) occupies a high corrie about 2 km north of the 
head of Gaitscale Gill (Fig. 1) and drains north to the Derwent. East and 
north-east of the tarn the high plateau is continuous with the moorlands 
round the head of Great Langdale which yield chipping floors associated 
with the axe factories on Pike of Stickle (Pennington 1975). Detailed 
pollen and geochemical diagrams for the horizon 14C dated to c. 
5000 B.P. (the Elm Decline) in the core from Angle Tarn were published 
(Tutin 1969, Fig. 2) to show how the earliest presence of acid humus 
(ESR spectra) was associated with a complex stratigraphy attributed to 
inwash of both mineral and organic soils at the time of the Elm Decline, 
which is associated at this site with pollen evidence for the local pres-
ence of man (Tutin 1969). The sample with an A-type ESR spectrum, 
intercalated in a sequence of circumneutral B-type spectra, was inter-
preted as derived from acid soils then occupied by pine and Calluna. 
The curve for Calluna as a percentage of total pollen thereafter rises 
steadily, whereas that for pine falls steeply to very low values (cf. Fig. 
3). The interpretation of the full pollen diagram (Fig. 2 of Tutin 1969) is 
that by 5000 B.P. the soils and vegetation of this high catchment formed 
a mosaic of acid mor like that at Red Tarn Moss (Fig. 3) - the vegetation 
of which was open pine and birch woodland with Calluna - and, on the 
more base-rich areas, circumneutral brown soils with oak, elm, alder 
and hazel. This differentiation of soils and vegetation was the result of 
the operation of Process 1. As soon as the primary upland forest was 
disturbed by Neolithic man, with the use of fire shown by the presence 
of charcoal beneath the peat (Pennington 1975), inwash to the lake 
produced the stratigraphic complex at the Elm Decline, and little forest 
regeneration followed, so that both pine and deciduous (mainly birch) 
woodlands were replaced by Calluna heath. From this time (c. 4000 B.P.) 
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on, the soil organic matter contributed to lake sediments was entirely 
of the most acid kind. 
Seathwaite Tarn is a valley lake in the course of Tarn Beck, one of the 
major tributaries of the Duddon. Though itself at a lower altitude than 
sites discussed so far, its mountain catchment includes peaks of nearly 
800 m on which the rainfall is heavy. All streams in this catchment are 
reported by Sutcliffe (1983) as acid, with pH less than 5.7. At this site 
there is no pollen or archaeological evidence for the local presence of 
man at c. 5000 B.P. The appearance of Calluna pollen at the Elm Decline 
is attributed to vegetation change controlled by Process 1; the acceler-
ated run-off from this date, deduced from general evidence in the Lake 
District (Pennington 1981), implies an increase in precipitation which 
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would be expected to have significant effects on the rate of Process 1 
in such a mountainous catchment. The major vegetation change, which 
here coincides with the change in ESR spectra from Class B (circumneu-
tral) to Class A (acid), begins at about 4000 B.P. and continues to the 
level of the 14C dated sample, 3030+140. The fall in the proportion of 
oak pollen from above 20% to less than 5% of the total (Fig. 5) and 
replacement of oak by Calluna and grass pollen undoubtedly represents 
the result of occupation of these uplands by populations responsible 
for the numerous cairns and circles of Bronze Age type, with conversion 
by grazing of the primary deciduous forest to grasslands and heath. 
From this time onward the progress of natural acidification by Process 
1 would be accelerated by the disappearance of the forest cover with 
its nutrient cycling by deep-rooted trees. 
Peat is present on areas of this catchment, both basin peat in the main 
valley above the lake and in a high valley (Calf Cove), and thin blanket 
peat over wider areas. Sphagnum spores first appear continuously in 
the lake sediments during the course of the Bronze Age deforestation, 
and increase in quantity from a horizon now dated to Romano-British 
time (cf. the next site, Burnmoor Tarn). This is certainly a catchment 
where Process 3 contributed to the natural acidification of the streams. 
Burnmoor Tarn, at 254 m altitude is the lowest site discussed here, 
but receives drainage from the slopes of Scafell (962 m). It was investi-
gated in some detail with respect to the origin of the moorland habitat. 
Both the pollen values and the actual presence of oak leaves in the lake 
sediments show that woodland remained on the drift-covered slopes 
around the tarn for longer than at Seathwaite Tarn. Fig. 6 shows that 
oak was only reduced to values interpreted as non-presence in Romano-
British time (14C age 1560±130). At this site the ESR spectra were divided 
into 3 classes, A - being more acid than the circumneutral B class, but 
not so acid as mor and peat samples. The intermediate A - spectra were 
found in deposits dating from 5000 B.P. until somewhere between 3000 
and 2000 B.P. Within this period a partial deforestation and rise in 
Calluna (which, again, first appeared at 5000 B.P.) is not correlated with 
any change in the type of organic matter. A possible explanation is that 
the A - type of spectra represents the transitional soils (podsolic brown 
soils) of acid oakwoods (similar to those which survive today on flushed 
free-draining slopes) - to which state these upland woods had been 
reduced by the operation of Process 1 by 5000 B.P. Forest destruction 
during the Bronze Age may have accelerated input of these soils to the 
lake, but qualitatively there was no change. 
The amounts of iodine and the iodine:carbon ratio were determined 
in this profile (Fig. 6). Apart from a minimum at about 7500 B.P., 
interpreted as supportive evidence for a period of dry climate (Penning-
ton 1970), there is no pronounced change in iodine values until the 
section of the profile which falls between c. 2000 and 1560±130 B.P. 
Here a steep rise in iodine, carbon and iodine:carbon ratio corresponds 
exactly with a steep rise in Calluna, resembling that at Devoke Water 
and similarly dated to the later Romano-British period (Tutin 1969). At 
both sites this horizon corresponds with the appearance of pollen grains 
of cultivated cereals. It was attributed to the rapid input of mor humus, 
rich in Calluna pollen, which would explain the reversal of 14C age in 
a sequence of 4 samples at Devoke Water. A similar Calluna curve is 
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found at Seathwaite Tarn (Fig. 5). Archaeological evidence for a period 
of upland farming in Romano-British time is accumulating rapidly. These 
3 profiles (Burnmoor Tarn, Devoke Water, Seathwaite Tarn) show the 
effect of upland cultivation practices in accelerating the transfer of 
mor soils from catchments to lakes. Whi le as yet it is not possible to 
reconstruct the pH of stream and lake waters from the kind of evidence 
presented here, it seems very likely that this transfer of particulate acid 
organic matter contributed yet further to the acidification of aquatic 
habitats. 
Conclusions 
ESR spectra of humic acids and the iodine values confirm evidence 
from pollen analysis for a history of progressive acidification of the 
source material of lake sediments since before 5000 radiocarbon years 
ago, in upland catchments of the Lake District. Processes involved 
included (1) removal of basic ions from soils by rainfall, the effects of 
which were intensified after removal, by man, of the primary vegetation 
of deciduous forest; (2) acidification of soils and waters by decomposi-
tion products of Calluna and other plants which replaced the trees; and 
(3) further acidification of waters by the activity of Sphagnum species 
which colonized habitats where drainage became impeded by paludifica-
tion processes as post-glacial time went on. 
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